Introduction
Low sperm densities during fertilization events, named 'sperm limitation', is a factor that can reduce the reproductive success of broadcast-spawning invertebrates [1, 2] , and thus many invertebrates spawn synchronously to increase fertilization success [3, 4] . However, synchronous spawning of multiple species could increase the risk of interspecific hybridization [3] . Hybridization is considered an evolutionary dead end because it often results in progeny that are less fit or sterile, but alternatively it can result in hybrid vigour and increased adaptive potential [5] . To ensure that gametes are only fertilized by conspecifics even in the presence of heterospecifics, broadcast-spawning organisms have evolved gamete recognition. Many gamete-recognition proteins evolved rapidly (ratio of substitution rates at non-synonymous and synonymous sites: dN/dS . 1), ensuring the similarly rapid development of strict gamete recognition [6] . Genes coding for gamete-recognition proteins with distinctive features related to fertilization conditions (such as sperm concentration) also change over a relatively short time period, reflecting changes in fertilization conditions [7] . In this manner, the risk of hybridization between synchronously spawning species decreases over time, but the gamete-recognition mechanisms of several species still allow some degree of hybridization with other species.
The incidence of intercrossing between different species of broadcast-spawning coral remains a profound mystery. The gametes of several species of the reef-building coral genus Acropora are compatible (e.g. [8] [9] [10] ) and therefore synchronous spawning among such species might lead to hybridization in nature [8, 11] . The presence of hybrids of Indo-pacific Acropora species is suspected [5] ; experimentally derived hybrids of compatible species are fecund [12] . In light of this fact, it would seem likely that hybrids would reproduce and become abundant in nature, but there is no evidence that this is the case. Hybridization does not occur in the presence of conspecifics or occur conditionally.
Sperm choice during fertilization events is likely to be related to prezygotic reproductive isolation. In a heterospecific mixture of gametes, sperm of both Caribbean and Indo-Pacific Acropora spp. preferentially fertilize the eggs of conspecifics [8, 13] . However, the presence of hybrids, the Caribbean A. plorifera, indicates that fertilization by heterospecifics does sometimes occur. Moreover, hybrid larvae survive at the same rate as do non-hybrids [14] . These findings suggest that the conditions under which hybridization might occur in nature are conditional.
In this study, we investigated the effects of sperm concentration and sperm preference on interspecies fertilization leading to hybridization in the reef-building coral Acropora. Acropora is vulnerable to environmental changes and experiences population fluctuations due to bleaching events, disease and so on [15] . Mass bleaching events have increased in frequency, and Acropora populations are becoming more isolated and are also likely to have been decreasing. When stressed, or under low population size the reproductive success of Acropora can be impacted, particularly where there is a limited amount of sperm available [10, 16] . The relationship between sperm concentration and sperm preference was examined.
Material and methods (a) Coral species
We used the coral species A. florida and A. intermedia, whose gametes are capable of bidirectional intercrossing [14] . Four colonies of each species were collected from Akajima Island (26812 0 N, 127817 0 E) and maintained in aquaria until they spawned. Gamete bundles were collected and used in fertilization experiments: (i) sperm no-choice experiments and (ii) sperm-choice experiments.
(b) Fertilization experiments
Fertilization experiments were conducted with sperm choice and no-choice conditions. In no-choice experiments, crossings between conspecifics or heterospecifics were performed with optimal sperm concentrations (10 6 cells ml
21
) [17] . In spermchoice experiments (electronic supplementary material, figure S1a), eggs were exposed to a mixture of sperm from conspecifics and heterospecifics at optimal (10 6 cell ml
) [17] or low sperm concentrations (10 4 
cells ml 21
). The concentrations of conspecific and heterospecific sperm were equal (0.5 Â 10 6 cells ml 21 and 0.5 Â 10 4 cells ml 21 in high and low conditions, respectively). Fertilization rates in each condition were determined after 2 h by counting the number of cells showing cell division. Larvae (2 days post fertilization) were fixed with 99.5% EtOH and stored at 2208C until DNA extraction could be performed.
(c) Sperm-choice test
Paternity was determined using Acropora microsatellite marker 11745m3 ( [18] , electronic supplementary material, figure S1b). DNA was extracted from larvae as follows: fixed larvae were treated with 20 ml lysis buffer (1 mg ml 21 proteinase K, 100 mM NaCl, 0.5% SDS, 10 mM EDTA and Tris-HCl pH 8.0) at 558C for 3 h, and then incubated at 988C for 5 min to terminate the reaction. The resultant suspensions were used as templates for PCR. PCR was performed using GoTaq green mix (5.0 ml GoTaq, 3.6 ml water, 0.6 ml 10 mM microsatellite marker 11745m3 [18] and 0.2 ml template). The PCR protocol of Shinzato et al. [18] was used, with some modifications. The protocol was performed for 2 min at 958C, followed by 35 cycles of (948C for 30 s, 588C for 90 s and 728C for 1 min), and a final elongation at 608C for 30 min. Amplicons were run on a 12% TAE (40 mM Tris-acetate ( pH 8.0) 1 mM EDTA) acrylamide gel (106 Â 100 mm) at 150 V and 20 mA for 5 h. The gel was stained with GelRed. The expected ratio of fertilization if there were no preference between conspecifics and heterospecifics was calculated as follows: number of hybrids/(number of fertilized eggs/2).
Results
Spawning of the coral species A. florida and A. intermedia occurred on the same date but at different times; A. florida spawned 20 to 30 min before A. intermedia ( S1 ). In sperm-choice experiments, eggs of both species were primarily fertilized by conspecific sperm under optimal sperm concentration (figure 1; electronic supplementary material, figures S1b and S2, total fertilization rate of A. florida eggs: 94.6 + 4.7%, A. intermedia eggs: 95.0 + 5.8%, mean + s.d.). When sperm concentration was low, A. florida eggs showed an increased rate of heterospecific fertilization ( figure 1, paired t-test, p , 0 figure S2 , total fertilization rates of A. florida eggs: 71.8 + 19.8%, n ¼ 5), but A. intermedia eggs did not (figure 1; electronic supplementary material, figure S2 ; total fertilization rates of A. intermedia eggs: 93.4 + 6.8%, n ¼ 5).
Discussion
This study indicates that hybridization between broadcastspawning species of Acropora might occur when low population numbers result in diminished sperm concentrations during fertilization events. When sperm concentration was low, heterospecific fertilization occurred (about 15-50%; electronic supplementary material, figure S1 ) between sperm of A. intermedia and eggs of A. florida, which releases gametes 20-30 min earlier than A. intermedia. When Acropora populations decreased in size, the number of gametes released decreased correspondingly, causing sperm concentration during spawning events to be insufficient to achieve high rates of fertilization [10] . Moreover, sperm are rapidly diluted after spawning [19] , causing sperm limitation even when population numbers are high. Unfertilized eggs represent a wasted resource; being fertilized by the later-spawning species A. intermedia may thus be a preferable alternative for A. florida. Breeding with heterospecific sperm is likely to be a strategy through which A. florida avoids wasting resources on producing eggs that remain unfertilized. Hybridization often results in sterile progeny, but hybrids from A. florida eggs and A. intermedia sperm are in fact fertile and produce offspring [12] . In general, hybrid species exhibit decreased rates of sexual reproduction because of low fecundity and the difficulty of mating with other hybrids (e.g. [20] ). Indeed, hybrids of Caribbean Acropora spp. seem to have low fecundity, but genetic data suggest that they may backcross with parent species [8, 21, 22] . However, F1 hybrids of Indo-Pacific A. florida eggs and A. intermedia sperm display almost normal fecundity of mother species [12] . Crosses produced by A. intermedia eggs and A. florida sperm exhibit low fecundity [12] , and we showed that this type of hybridization did not occur with either optimal or low sperm concentrations. It seems A. florida may have retained the ability to be fertilized by heterospecific sperm because hybrids produced by such crossings are highly fertile.
Hybridization is a mode of speciation in Acropora and other corals (e.g. [5, 23, 24] preference rate of heterospecific sperm p < 0.05 Figure 1 . Crossing rates in sperm-choice experiments. Sperm-choice fertilization trials were carried out in five combinations of A. florida or A. intermedia eggs (n ¼ 5 in each trial). In the optimal sperm concentration conditions, 0.5 Â 10 6 cells ml 21 of each of the heterospecific and conspecific sperm were added to egg suspensions to make a final concentration of 10 6 cells ml 21 . In low sperm concentrations, 0.5 Â 10 4 cells ml 21 of each sperm type were added to the suspension, making a final concentration of 10 4 cells ml 21 . A paired t-test was carried out to determine the significance of differences between optimal and low sperm concentrations.
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